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Abstract
The in vivo spherical aberration of the lenses of 26 subjects was estimated from the measured total aberration of the eye and
that predicted from the measured shape of the anterior corneal surface. Since it was only possible to estimate the aberration
contribution from the posterior corneal surface, its value led to an uncertainty in the final aberration level of the lens. For all the
subjects and for a wide range of possible aberration levels at the posterior corneal surface, the spherical aberration of the relaxed
lens was found to be negative. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction
The detailed optical structure of the lens is still
unknown, although we know that the surfaces are
aspheric and the refractive index has a gradient form.
Both of these have possibly a strong influence on the
aberrations of the lens and hence eye as a whole. A
knowledge of the ocular aberrations arising at the lens
is important in understanding the effect of corneal
aberrations on visual performance. Furthermore, it is
possible that changes in the gradient index structure with
age can explain the lens paradox and allow the ageing
normal eye to maintain emmetropia (Pierscionek, 1990;
Smith, Atchison, & Pierscionek, 1992; Koretz & Cook,
1999).
Thus, the aberrations of the lens and the form of the
gradient refractive index structure of the lens are of
inherent interest and these are related. Given this refrac-
tive index distribution and the lenticular surface shapes,
we would be able to predict the aberrations. However,
determining the index distribution in vivo is not easy,
although in principle it should be possible and easier to
measure the surface shapes using some type of placido
disc system. An alternative approach is to find a method
of predicting the optical structure from the aberrations.
Pomerantzeff, Fish, Govignon, and Schepens (1972)
attempted to do this, but in their particular method, the
system was under sampled and the solution would not
have been unique. If we are to pursue this particular
avenue of research, we must have more information on
the aberration level of the lens, both on- and off-axis.
Here we will look only at the on-axis case, which contains
only spherical aberration.
Estimates of the spherical aberration of the lens to date
are inconclusive. The work of Jenkins (1963) indicates
that the aberration is approximately zero. Millodot and
Sivak (1979) found that it was positive and similar to that
of the cornea. Sivak and Kreuzer (1983) found cases
where the aberration was negative and some cases where
it was positive. Tomlinson, Hemenger, and Garriott
(1993) found in general, that the aberration was negative.
Artal and Guirao (1998) found that the spherical aberra-
tion of each of their fives subjects was negative, but in
interpreting their published data, we should be aware
that they use the opposite sign convention.
To date, the following four methods of estimating the
spherical aberration of the lens have been used.
1. Measure the aberration of the in vitro lens (e.g.
Sivak & Kreuzer, 1983).
2. Neutralise the cornea and then measure the aberra-
tion of the eye (e.g. Millodot & Sivak, 1979).
3. Measure the aberration of the whole eye, predict the
corneal aberration from the corneal shape, and then
take the difference (El Hage & Berny, 1973).* Corresponding author.
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4. Tomlinson et al. (1993) measured the contrast sensi-
tivity of the eye for a small and large pupil size and
using a knowledge of the expected aberration contri-
bution from the cornea, predicted the aberration of
the lens.
Artal and Guirao (1998) used methods (2) and (3) but
did not measure the aberration of the eye directly, but
instead measured the point spread function and deduced
the aberration from it.
None of these is ideal. Method (1) has the weakness
that the in vitro lens may have a very different shape to
that in vivo and requires the aberrations to be measured
using the same conjugates and surrounding refractive
indices as in the eye. This is important because the
aberrations of any system vary with position of the
conjugates. Method (2) is not easy to apply, requires the
aberration to be measured on a very hyperopic eye and
also does not take into account the aberration of the
posterior surface of the cornea. Method (3) also does not
take into account this aberration, but is the easiest to
implement, especially now that aberroscopes allow the
aberration of the whole eye to be measured and accurate
photokeratoscopes allow the shape of the anterior
corneal surface to be determined from which we can
predict its aberrations. However, the aberration arising
from the posterior corneal surface can only be estimated,
with the resulting uncertainties. Method (4) also does not
take into account the aberration from the posterior
corneal surface and is probably time consuming.
This paper investigates the expected spherical aberra-
tion of the lens using method (3), which is the most direct
method and would more readily allow us to examine the
irregularities in the aberrations.
Aberration theory predicts that the primary aberra-
tions of an optical system are the sum of the contribu-
tions from individual surfaces. That is, the aberrations
are additive. Therefore, if we know the aberrations of the
whole eye and that of the cornea, the aberration of the
lens is the difference between these two values.
2. Theory
2.1. Aberration of the whole eye
The aberration of the whole eye can be measured with
the crossed-cylinder aberroscope (Howland & Howland,
1977) or by the Hartmann–Shack method (Liang,
Grimm, Goelz, & Bille, 1994). In the aberroscope,
analysis of the retinal grid gives the aberration coeffi-
cients of the wave aberration polynomial
W(X, Y)
W1XW2YW3X2W4XYW5Y2W6X3
W7X2YW8XY2W9Y3W10X4W11X3Y
W12X2Y2W13XY3W14Y4 (1)
either by the original orthogonal polynomial method of
Howland and Howland or by the least squares method
of Smith, Applegate, and Howland (1996). Here, the
highest order terms in Eq. (1) are primary aberrations.
This polynomial form allows the wave aberration to be
completely asymmetric in the pupil and it is known that
the aberration of the human eye is usually asymmetric.
Alternatively, the aberration polynomial may be ex-
pressed in terms of Zernike polynomials (Wang & Silva,
1980). However, while the Zernike terms have an advan-
tage of being orthogonal, they have the disadvantage that
the numerical value of the coefficients depends upon
pupil size, while the above W coefficients do not.
In this study, we will make the assumption that the eye
is rotationally symmetric and since the highest power in
the above polynomial is four, we can only calculate the
corresponding primary spherical term W4,0 for the equiv-
alent rotationally symmetric eye. In this case, the above
equation can be reduced to one variable, say Y, in the
pupil and becomes
W(X, Y)W4,0Y4 (2)
We can find this best fit rotationally symmetric aber-
ration to the irregular aberration, in several ways. If we
equate the integral of the spherical aberration terms over
the pupil of any diameter, we have
W4,0
(3W10W123W14)
8
(3)
The two other spherical aberration terms W11 and W13
do not contribute to this value. Alternatively, we could
use the more conventional least squares best-fit method
and that is what we used here. A comparison of the two
methods revealed that they gave similar results.
2.2. Corneal contribution
Primary and Seidel aberration theory gives us equa-
tions for calculating the aberrations arising at a particu-
lar surface. Starting with general equations provided in
texts such as those by Welford (1986), Smith and
Atchison (1997), we can show that the primary spherical
aberration W4,0 at any conicoid surface is given by the
equation
W4,0

(h:h0)4{n2(CL:n)2[n(n %n)C (n %2n2)L:n ]:
(nn %2)C3Q(n %n)}:8 (4)
where h is the height of the (paraxial marginal) ray
at the surface, h0 the ray height at the entrance pupil of
the eye, which, in general, is different to that at any
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particular surface C the apex curvature of the surface
(1:R) R the apex radius of curvature, n the refractive
index on the incident side of the surface n % the refractive
index on the other side, L the object vergence at the
surface and Q is the conicoid asphericity (Q0 for a
sphere and 1 for a parabola).
We can apply these to any ocular surface, provided it
is well described by a conicoid and many investigators
have made this assumption.
2.2.1. Anterior corneal surface
For this surface, we know the value of the refractive
indices (n1.0 and n %1.376). For the relaxed eye, the
object vergence L is 0 and the height h is equal to h0.
Therefore, Eq. (4) reduces to.
W4,0
(0.1985870.376000Q)
R3
mm:mm4 (5)
We can readily measure the anterior radius of curva-
ture R and asphericity Q and thus for each subject,
using these measured values, we can determine the
primary spherical aberration (W4,0).
Eq. (5) predicts that the anterior corneal surface has
positive spherical aberration for Q values greater than
0.528, zero for this value and negative for Q values
less than this. Population means values of Q are avail-
able in the literature. Kiely, Smith, and Carney (1982)
give a value of 0.2690.18 and Guillon, Lydon, and
Wilson (1986) give a value of 0.1890.15. Both these
values indicate that the cornea is expected to have
positive spherical aberration.
2.2.2. Posterior corneal surface
We can also use Eq. (4) to predict the spherical
aberration arising at the posterior corneal surface and
in this case, we have n1.376 and n %1.336. How-
ever, now the object vergence L is not 0, as it is for the
anterior corneal surface, and its value depends upon the
radius of curvature of the anterior surface. Therefore,
Eq. (4) cannot be simplified, as it was for the anterior
surface. Furthermore, the ray height h is not equal to h0
as it is for the anterior surface.
The form of the aspheric contribution in Eq. (4)
indicates that for negative Q values, this contribution
would be positive, in contrast to the trend for the
anterior surface. This is because C is positive and
(n %n) (1.3361.376) is negative. Therefore, the
spherical aberration contribution has opposite sign to
the value of Q.
Measurement of the radius of curvature R and as-
phericity Q of the posterior surface is not as easy as it
is for the anterior surface and we were not able to
measure these values for this study. Therefore, we had
to find some way of estimating their values in individ-
ual cases.
We decided to predict the posterior surface radius of
curvature from the anterior surface value. Some studies
have shown a high correlation between the two radii of
curvature (e.g. Lowe & Clark, 1973; Royston, Dunne,
& Barnes, 1990; Patel, Marshall, & Fitzke, 1993; Gar-
ner, Owens, Yap, Frith, & Kinnear, 1997). This value is
in the region of about 0.8, and here we will use the
value of 0.82, which is close to Royston et al.’s value of
0.821 and Garner et al.’s value of 0.825.
Therefore, we have the equation
posterior radius of curvature
0.82anterior radius of curvature (6)
which we will to estimate the radius of curvature of the
posterior surface.
There is little information on the expected value of Q
for the posterior corneal surface. In individual cases, it
will depend upon the individual eye and probably be as
variable as the anterior value. The only known esti-
mates are that from Patel et al. (1993) (mean Q value
0.42) and Lam and Douthwaite (1997) (mean Q
value 0.66). However, Patel et al.’s method relied
upon measured values of the anterior surface which
they found to have a mean value of Q 0.01, which
is very different from most other published values. Lam
and Douthwaite (1997) values were for young Chinese
in Hong Kong and their mean value was (Q )
0.6690.38. Whether this would be typical of other
races is difficult to judge, but it may not, because their
mean anterior value was 0.3090.13, which is a little
greater than the other published values, e.g. the values
of Kiely et al. (1982); Guillon et al. (1986) mentioned
above. In contrast to the above actual measurements,
Liou and Brennan (1997) chose a Q value of 0.6 to
bring the aberration of their model eye in line with that
of real eyes.
We can minimise the uncertainty in the level of
aberration at the posterior corneal surface, by removing
some of the sources of uncertainty. We can estimate the
vergence L at the posterior corneal surface by using the
measured anterior corneal radius of curvature R and
using the expected corneal refractive index and thick-
ness, calculate the expected vergence at the posterior
surface. However, the major source of uncertainty re-
maining will be the asphericity Q. The best we can do
is to assume a likely range of values. We will take the
range 1 to 0.
2.3. Lenticular 6alue
On the assumption that the values of the primary
spherical aberration W4,0 are additive, we have
whole eye valueanterior corneal value
posterior corneal value
 lenticular value
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which gives
lenticular valuewhole eye value
 (anterior corneal value
posterior corneal value) (7)
3. Method
3.1. Subjects
Twenty-six subjects were used and the relevant per-
sonal data is shown in Table 1. Subject exclusion
criteria included visual acuity values larger than
0.0 log MAR units, any pre-existing corneal or other
ocular media abnormalities or pathology, any pre-exist-
ing ocular surgery or on-going medical treatment for
ocular pathology, any previous ocular pathology which
could lead to permanent effects on the ocular media or
visual function. No specific exclusion criteria were used
to limit spherical equivalent refractive error, but cylin-
drical refractive error was limited to 1.0DS, and refrac-
tive errors in excess of 2.00DS or 1.00DS were
corrected using trial case lenses which were fitted at a
vertex distance of 8 mm when using the crossed-cylin-
der aberroscope.
3.2. Aberration of whole eye
The aberration of the whole eye was measured with
the crossed-cylinder aberroscope as described by Cox
and Walsh (1997) but modified to include a pupil
alignment system to ensure accurate centration of the
aberroscope when readings were taken. Readings were
taken using a 66 aberroscope grid, with a grid spac-
ing of 0.9 mm, following dilation of the pupil using 1%
tropicamide. The analysis of the grid distortion was
performed using the orthogonal polynomial method
described by Howland and Howland (1977). This anal-
ysis of the retinal grid pattern gave the coefficients
W1–W14. The last five coefficients (i.e. W10–W14) are
given in Table 2 and were used to find the ‘best’ fit
equivalent rotationally spherical aberration value W4,0,
using a least squares fit procedure and these values are
given in Table 3.
3.3. Corneal contribution
3.3.1. Anterior corneal surface
The vertex radius and asphericity of the anterior
corneal surface of each subject were measured with a
Topcon KR 3500 keratometer. This instrument mea-
sures the sagittal radius of curvature of the cornea at
four peripheral locations, above, below, to the right
and to the left of the pupil centre. The readings from
the keratometer also provide estimates of the vertex
radius of curvature of the cornea along the steepest and
the flattest corneal meridians as sagittal radii at more
central corneal locations are assumed to be equal to the
vertex radius of curvature. It then uses this information
to infer the eccentricity of the cornea along the steepest
and flattest meridians. We used the raw data from the
keratometer, namely the sagittal radius along the steep-
est and flattest corneal meridians at a central location
and the sagittal radius along the horizontal and vertical
meridians at a peripheral location to calculate the ver-
tex radius and the asphericity of the cornea as a whole.
Peripheral radii measurements above, below, temporal
and nasal to the pupil centre were averaged, and the
central radii of curvature along the steepest and flattest
Table 1
Subject data for age, sex, eye tested and spectacle prescription
Age SexSubjects RRE RLE
Young
29 FAW 6.75:1.7533
F26EG 1.50:0.2570
23 FFS 0.75:1.25180
HC 25 F 5.75:0.25180
31 MMC 4.50
29 MPM 3.00:0.50180
RC 27 6.75:0.75110M
21 2.75:0.75100FRPE
M 0.50:0.25180RS 21
22 4.25:0.75150FSP
RP 0.00:0.25135F24
0.25:1.0010F20PK
ND 25 M 0.25:0.75178
24.8Mean
S.D. 3.3
Older
66 0.25:2.253BA F
64 FBC 0.75:0.75115
DB 58 M 1.00
GR 65 M 0.00:1.0090
56 MGS 2.75:0.508
IG 68 F 2.00:0.25150
71 MJH 3.00
69 FJHo 0.50
JM 66 M 0.25:0.5090
1.50:0.5035FJW 72
65 MWS 3.00:0.50180
MR 69 F 3.00:0.2530
69 F 2.75:0.2545RCo
66.0Mean
4.5S.D.
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Table 2
Raw data for aberration and corneal shape measurementsa
W10 W11 W12 W13Subject W14Eye R p Q
0.009392 0.005025 0.021117 0.014026AW 0.016640RE 7.243 0.611 0.389
0.003557 0.011461 0.027414 0.009397 0.007243 7.493 0.752 0.248BA LE
0.010667 0.003578 0.004878 0.004660RE 0.005428BC 7.531 0.697 0.303
REDB 0.014302 0.000661 0.075099 0.003265 0.011591 7.864 0.666 0.334
REEG 0.011201 0.018810 0.021263 0.004134 0.014596 7.766 0.892 0.108
0.003320 0.004633 0.002290 0.000002LE 0.003426FS 7.885 0.694 0.306
0.007375 0.009532 0.008408GR 0.002235RE 0.004890 7.964 0.651 0.349
0.002226 0.000041 0.008891 0.000541RE 0.001167GS 8.481 0.909 0.091
REHC 0.005907 0.004037 0.007260 0.000325 0.002843 7.540 0.738 0.262
LEIG 0.011068 0.010213 0.057513 0.017643 0.012621 8.128 0.672 0.328
0.005576 0.005648 0.014528 0.013076RE 0.005699JH 7.540 0.684 0.316
REJHo 0.023547 0.014107 0.108056 0.002086 0.022651 7.167 0.966 0.034
0.000686 0.010424 0.001131 0.008704RE 0.006990JM 7.360 0.718 0.282
0.027468 0.006722 0.095144 0.009143JW 0.014456RE 7.106 0.581 0.419
0.000694 0.003662 0.009825 0.002710LE 0.012826MC 7.647 1.034 0.034
PM 0.002826RE 0.015825 0.033036 0.001513 0.011656 7.555 0.782 0.218
0.004868 0.005117 0.018007 0.020822RE 0.007073RC 7.941 0.871 0.129
LERPE 0.013122 0.007373 0.028162 0.001986 0.010128 7.693 0.793 0.207
LERS 0.000910 0.008800 0.007093 0.001474 0.014302 7.652 0.783 0.217
0.005126 0.007026 0.003516 0.010568LE 0.002165SP 7.799 0.605 0.395
RERP 0.002695 0.007066 0.002120 0.003534 0.010706 7.620 0.761 0.239
0.001369 0.005997 0.002835 0.000652RE 0.000817PK 7.698 0.817 0.183
0.009499 0.003237 0.060197 0.006419ND 0.015063RE 7.502 0.771 0.229
0.016301 0.004410 0.063876 0.009838RE 0.014539WS 7.647 0.846 0.154
0.007862 0.001526MR 0.084662RE 0.008991 0.017711 7.576 0.806 0.194
0.009254 0.007703 0.020708 0.003074RE 0.009673RCo 7.979 0.736 0.264
Means 7.668 0.237
S.D. 0.298 0.111
a R, vertex radius of curvature (mm); mean, 7.6790.30 mm; Q, surface asphericity; mean, 0.2490.11; p1Q.
meridians were averaged before computing the vertex
radius and asphericity using the method described by
Douthwaite and Pardhan (1995). We collected five sets
of measurements from each eye and computed the
vertex radii and asphericities for each set of measure-
ments, which we averaged to produce our initial esti-
mates of the vertex radius and asphericity for each
subject. These initial estimates were corrected according
to calibration curves, which had been drawn up for the
instrument by using data collected from the keratome-
ter when measuring PMMA buttons with surfaces with
known profiles (the surfaces had undergone Form Taly-
surf analysis) covering a range of vertex radii from 7.13
to 8.21 mm and a range of asphericities from 1.45 to
0.01. This process produced our final estimates of the
vertex radius and asphericity.
The values of radius of curvature R and asphericities
p and Q, for each subject, are given in Table 2. The
corresponding value of W4,0 calculated by the Eq. (5)
are given in Table 3.
3.3.2. Posterior corneal surface
The posterior corneal radius of curvature was esti-
mated using Eq. (6) and the aberration contribution
from this surface was then calculated using Eq. (4), for
two extreme Q values, 0 and 1. The corresponding
values are given in Table 3.
4. Results
The basic raw data are shown in Table 2 and the
calculated aberration values of the various ocular com-
ponents are given in Table 3, along with the means and
S.D.
The mean and S.D. for the subjects divided into two
age groups, young and older are given in Table 4.
5. Discussion
Before we comment on the final spherical aberration
values of the lens, we should look at the intermediate
data, that can be contrasted with similar published
material. Any large discrepancy between the two sets of
data would throw some doubt upon our raw data.
Firstly, we can look at the mean values of anterior
corneal radius of curvature and asphericities shown in
Table 2. The mean radius value is 7.6790.30 mm and
this is a little lower but consistent with other published
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Table 3
Estimated spherical aberration W4,0 of the whole eye, the cornea and the whole lens
a
Whole eye Cornea Lens
Anterior Posterior Range
Q0 Q1 From Q0 To Q1
0.012402 0.017213 0.007681RE 0.014435AW 0.002869 0.019246
REEG 0.012332 0.042162 0.006275 0.011760 0.023555 0.036887
0.002816 0.021299 0.006004FS 0.011245LE 0.012479 0.029728
0.004189 0.029182 0.006836RE 0.012827HC 0.026535 0.046198
LEMC 0.003321 0.059086 0.006562 0.012306 0.049202 0.068071
0.016736 0.033302ND 0.006937RE 0.013019 0.009629 0.029584
0.000147 0.035562 0.006437RE 0.012068PK 0.029272 0.047777
REPM 0.009561 0.033805 0.006797 0.012752 0.017447 0.036996
0.001424 0.037464 0.005882RC 0.011013RE 0.033007 0.049902
0.003269 0.030716 0.006630RE 0.012435RP 0.027355 0.046420
LERPE 0.012239 0.033153 0.006449 0.012091 0.014465 0.033005
LERS 0.004818 0.032640 0.006550 0.012282 0.021273 0.040105
0.001550 0.013193 0.006198LE 0.011614SP 0.005445 0.023257
LEBA 0.007477 0.031299 0.006961 0.013065 0.016861 0.036887
REBC 0.006645 0.024776 0.006860 0.012872 0.011271 0.031002
0.019098 0.018764 0.006050RE 0.011334DB 0.006385 0.010999
0.000119 0.016670 0.005832 0.010920 0.010718GR 0.027471RE
0.002384 0.033682 0.004857RE 0.009073GS 0.031208 0.045139
LEIG 0.016073 0.017519 0.005497 0.010284 0.004050 0.011730
0.006044 0.023262 0.006836JH 0.012827RE 0.010381 0.030044
0.030832 0.063089 0.007919RE 0.014889JHo 0.024338 0.047145
REJM 0.002223 0.029019 0.007332 0.013771 0.019464 0.040567
REJW 0.027615 0.014298 0.008117 0.015267 0.021434 0.001950
0.020174 0.036118 0.006742RE 0.012648MR 0.009202 0.028593
RERCo 0.009686 0.024441 0.005801 0.010860 0.008954 0.025614
REWS 0.019550 0.039326 0.006562 0.012306 0.013214 0.032082
0.008842 0.030425Mean 0.015021 0.033889
0.009457 0.012143 0.014417 0.014075SD
a Units, mm:mm4, which give a wave aberration in micrometers for the pupil co-ordinates in millimetres.
values, e.g. 7.8290.29 mm, Sorsby, Benjamin, Davey,
Sheridan, and Tanner (1957); 7.7290.27 mm, Kiely et
al. (1982); and 7.7890.25 mm, Guillon et al. (1986).
The mean asphericity Q value is 0.2490.11, which is
between the mean of 0.2690.18 from Kiely et al.
(1982) and 0.1890.15 from Guillon et al. (1986).
Therefore, the corneal shapes found here are also con-
sistent with values found by other investigators.
The mean total aberration of the eye value in Table
3 is 0.008890.0095 mm:mm4, where the units are cho-
sen to give a wave aberration in micrometers for the
pupil co-ordinates in millimetres. An analysis of other
published data by Smith and Atchison (1997) found a
value of 0.008890.013 mm:mm4, which is remarkable
considering the relatively large S.D.
Moving on to the lenticular aberrations given in
Table 3, the mean aberration of the lens is negative
over a wide range of possible asphericities of the poste-
rior corneal surface. For a posterior corneal asphericity
of 0 (spherical), we would have a mean lenticular
spherical aberration of 0.01590.014 mm:mm4 and
would be as high as 0.03490.014 mm:mm4 for an
asphericity of 1 (a paraboloid). Since it is unlikely
that the asphericity would lie outside the range 1 to
0, we can conclude that the spherical aberration of the
relaxed lens is negative.
Table 4
The estimated spherical aberration W4,0 of the whole eye, anterior
corneal surface and the whole lens for the two age groupsa
Lens rangeCorneaWhole eyeSubjects
anterior
From Q0 To Q1
Young (N13, mean age, 24.8 years)
0.005134 0.032214 0.012017Mean 0.038925
0.0135070.006827S.D. 0.011482 0.013951
Older (N13, mean age, 66.0 years)
0.0286360.012550 0.028362Mean 0.009505
0.0152790.010484S.D. 0.012978 0.015277
2.14t-value
(d.o.f.24)
a Units, mm:mm4, which give a wave aberration in micrometers for
the pupil co-ordinates in millimetres.
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A comparison of the mean total aberration of the
eye, anterior corneal aberration and lenticular aberra-
tion values in Table 3, shows that both the corneal and
lenticular levels are similar but opposite in value and
are about two to four times larger than the whole eye
level. Therefore, it appears that the lenticular and
corneal aberrations are almost oppositely balanced.
We can compare these results with those of Tomlin-
son et al. (1993) who determined their values psycho-
physically and expressed the aberration values as
longitudinal values in dioptres at the edge a 4 mm
diameter pupil. Denoting the longitudinal value at the
edge of pupil of radius r by the symbol DF(r), the
corresponding wave aberration W4,0 value is found
from the Eq. (8)
W4,0
DF(r)
4r2
(8)
Using this Eq. (8) to convert Tomlinson et al.’s
dioptric to wave aberration values, gives
W4,0 0.020
90.020 mm:mm4 without taking the Stiles
Crawford effect into account
and
W4,0 0.025
90.020 mm:mm4 with taking it into account.
We should stress that the level of spherical aberration
in the lens is completely independent of the Stiles–
Crawford effect and therefore the small difference
above is probably due uncertainties in each experimen-
tal measurement.
Artal and Guirao (1998) also estimated the spherical
aberration of five subjects. They expressed the aberra-
tions in wavelengths as Seidel values and the conversion
to our W4,0 value is given by the equation (private
communication with P. Artal).
W4,0 
Seidel valuewavelength
r4
(9)
Their mean lenticular Seidel value as 0.954, the wave-
length was 543 nm with a pupil diameter of 4 mm,
giving
W4,0 0.032 mm:mm4
Both Tomlinson et al.’s and Artal and Guirao’s
values lie within our range and we should note that
neither Tomlinson et al. nor Artal and Guirao took the
aberration of the posterior surface into account.
At this point it is probably worthwhile looking once
again at expected values of the posterior corneal surface
asphericity. Published work of Patel et al. (1993) give a
mean value of Q 0.42; Lam and Douthwaite (1997)
give a mean value of 0.66. Liou and Brennan (1997)
used the value of 0.6 for their schematic eye. These
values are towards the middle of the range we have
considered (Q0 to 1). Eq. (4) applied to the poste-
rior surface shows that this surface has zero spherical
aberration for a Q value of approximately 0.34 and
depending slightly on the corneal structure. More nega-
tive values will give a positive aberration. Therefore, we
may expect that the posterior surface probably con-
tributes a small amount of positive spherical aberration
on average.
So there appears to be no doubt that the lens has
negative spherical aberration, when in the relaxed state.
It is not clear from where this negative aberration
arises. Being a gradient refractive index structure, there
are three sources of spherical aberration; front surface,
back surface and the lens bulk. Equations for calculat-
ing the aberration contribution from the surfaces can
be found in texts by Welford (1986), Smith and
Atchison (1997) and equations for calculating the aber-
rations of gradient index structures have been given by
Sands (1970).
There are three interesting possible alternatives.
1. If the surfaces were spherical, they would have a
positive contribution, which would mean that the
lens bulk would have to have a higher negative
aberration to compensate.
2. On the other hand, if the lenticular surfaces had the
appropriate asphericity (a negative value of as-
phericity Q) all the negative spherical aberration
could come from these surfaces with the lens bulk
having to contributing nothing.
3. If the lenticular surfaces were more aspheric (even
more negative values of Q) they would have a
higher negative spherical aberration and this would
mean that the lens bulk would have to provide a
positive contribution.
Therefore, because the front and back surface as-
phericities and the lens bulk refractive index distribu-
tion are essentially independent sources of spherical
aberration, we cannot uniquely predict the structure of
the lens from its spherical aberration. In particular, we
cannot predict the internal structure of the gradient
index distribution. This conclusion is in conflict with
the work of Pomerantzeff et al. (1972) who claimed to
have determined the gradient index distribution from
the spherical aberration of the whole eye.
While a knowledge of the spherical aberration of the
lens cannot lead us to a unique solution for the lens
shape and internal refractive index distribution, such
aberration data can be used to test and compare differ-
ent and rival schematic models of the lens that the same
power. However, if we could measure lenticular surface
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asphericity in vivo, we would be able to decide which of
the above three options are more likely and with the
narrowing of options, we would have a better idea of
the likely form of the refractive index distribution inside
the lens.
5.1. Age effects
The data shown in Table 4 indicates that the older
eye has much more total aberration than the younger
eye. The corresponding Student t-test value is 2.14 and
with N26. This value is significant at the PB0.05
level for a 2-tailed test. While the mean older aberra-
tion level is nearly twice the younger level, the S.D. of
the older values restricts the statistical significance be-
ing obtained with a sample of this size. Other published
results add weight to the possibility that the differences
are real. Guirao, Gonzalez, Redondo, Geraghty, Nor-
rby, and Artal (1999) measured the ocular modulation
transfer function of 20 young subjects (mean age 24
years), 20 middle-aged subjects (mean age 46 years) and
20 older subjects (mean age 63 years) and found that
the older subject groups had lower levels of modulation
transfer.
On the other hand, the rotationally symmetric aber-
ration of the anterior corneal surface does not seem to
be different between younger and older eyes. This find-
ing also has support from previous work (Oshika,
Klyce, Applegate, & Howland, 1999). Therefore if the
older eye does have a greater level of aberration, it is
probably due to aberration changes in the lens. Age-re-
lated changes in monochromatic aberrations have al-
ready been measured in the isolated human crystalline
lens (Glasser & Campbell, 1998).
The fact that total aberration of the eye may be
increasing with age, and that this change arises in the
lens, is not surprising. The lens continually grows
throughout life and there are significant changes in
vertex radius of curvatures (Brown, 1974), thickness
(Koretz, Kaufman, Neider, & Goeckner, 1989), and
possible changes in refractive index distribution (Smith
et al., 1992). It would not be unexpected, if these
physical changes led to a change in aberration level.
6. Conclusions
The results of this study point to the relaxed lens
having negative spherical aberration and approximately
the same level as the positive value of the anterior
corneal surface. Thus these two sources of aberration
tend to cancel out, leaving the eye as whole with a
much lower level of spherical aberration.
It is not possible to give a precise level for the
lenticular aberration because the method we have used
requires a knowledge of the aberration level at the
posterior corneal surface. However, over a large range
of possible shapes of this surface, the lenticular aberra-
tion is negative.
There appears to be an age effect, with older eyes
having a larger aberration for the whole eye. This
difference is statistically significant and it is most likely
due to the age related changes in the crystalline lens,
with the spherical aberration of the lens becoming less
negative with age.
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